The TRM/Kyo mutant rat, showing spontaneous tremor, is an animal model of ET. Recently, we demonstrated that tremors in these rats emerge when two mutant loci, a missense mutation in the hyperpolarization-activated cyclic nucleotide-gated potassium channel 1 (Hcn1) and the tremor (tm) deletion, are present simultaneously. However, we did not identify which gene within the tm deletion causes tremor expression in TRM/Kyo rats. A strong candidate among the 13 genes within the tm deletion is aspartoacylase (Aspa), because some Aspa-knockout mouse strains show tremor. Here, we generated Aspa-knockout rats using transcription activator-like effector nuclease technology and produced Aspa/Hcn1 double-mutant rats by crossing Aspa-knockout rats with Hcn1-mutant rats. The Aspa-knockout rats carried nonsense mutations in exon 4; and ASPA proteins were not detectable in their brain extracts. They showed elevated levels of N-acetyl-L -aspartate (NAA) in urine and spongy vacuolation and abnormal myelination in the central nervous system, but no tremor. By contrast, Aspa/Hcn1 double-mutant rats spontaneously showed tremors resembling those in TRM/Kyo rats, and the tremor was suppressed by drugs therapeutic for ET but not for parkinsonian tremor. These findings indicated that the lack of the Aspa gene caused tremor expression in TRM/Kyo rats. Our animal model suggested that the interaction of NAA accumulation due to ASPA deficiency with an unstable neuronal membrane potential caused by HCN1 deficiency was involved in tremor development.
Introduction
essential tremor (et) is one of the most common movement disorders. the major manifestation of et is a postural and/or kinetic tremor, which predominantly affects the hands, head, and vocal organs [4] . the etiology of et, however, remains poorly understood. Certain environmental factors may be at least partly involved in nonfamilial et [14] . however, a major role for genetic factors has also been suggested in the development of et [9] . Animal models of genetic disorders and genetically manipulated animals play important roles in finding genes involved in et development.
we recently established the trM/kyo rat as an animal model of et [21] . trM/kyo rats show a spontaneous kinetic tremor, and their tremors are selectively inhibited by drugs therapeutic for et but not for parkinsonian tremor. trM/kyo rats are double mutants for a missense mutation (c. 1061 C>t, p. A354V) in the hyperpolarization-activated cyclic nucleotide-gated potassium channel 1 gene (Hcn1 A354V ) and tremor (tm) gene deletion. the results of our electrophysiological experiments indicated that Hcn1 A354V is a loss-of-function mutation. the tremors in trM/kyo rats emerge only when the two mutant loci are present simultaneously; neither rats homozygous for the Hcn1 mutation nor rats homozygous for the tm deletion show tremors.
the tm deletion spans a nearly 240-kb genomic region on rat chromosome 10, of which 13 genes have been mapped. the 13 genes consist of sedoheptulokinase (Shpk), transient receptor potential vanilloid 1 and 3 (Trpv1/3), aspartoacylase (Aspa), spermatogenesis associated 22 (Spata22), seven olfactory receptor genes (Olr1466, Olr1467, Olr1468, Olr1469, Olr1470, Olr1471, Olr1472), and one hypothetical gene (LOC100359760) [8] . we did not identify which gene among these 13 is causative for the development of tremor in the rat model of et. however, it is likely that the Aspa deletion may be causal because the Aspa gene is strongly expressed in the brain and several Aspaknockout mouse strains show tremor [16, 28] .
we generated Aspa-knockout rats using transcription activator-like effector nuclease (tALeN) technology and produced Aspa/Hcn1 double-mutant rats by crossing the Aspa-knockout rats with the Hcn1-mutant rats. the double-mutant rats spontaneously showed tremor resembling that of trM/kyo rats, and the tremor was suppressed by drugs for treating et but not those for treating parkinsonism.
Materials and Methods

Ethical use of animals
All animal experiments were approved by the Animal research Committees of kyoto university and osaka university of Pharmaceutical sciences and were conducted according to their regulations on animal experimentation.
TALEN plasmid construction and messenger RNA preparation
Platinum tALeN plasmids were constructed using the two-step Golden Gate cloning method as described previously [23] . the Aspa tALeN target sequence, located in exon 4 of the Aspa (NM_024399) gene, is indicated in Fig. 1 . the tALeN mrNA was synthesized from plasmids linearized by XhoI digestion and purified as previously described [22] .
Microinjection of TALEN mRNA
tALeN mrNA was suspended in rNase-free water at 10 ng/µl. Approximately 2-3 pl of capped mrNA was microinjected into the male pronuclei of zygotes collected from F344/Nslc rats. embryos were transferred to the oviducts of pseudopregnant sprague dawley female rats [15] .
Quantitative PCR
Messenger rNA was isolated using isoGeN ii (Nippon Gene Co., Ltd., tokyo, Japan) according to the manufacturer's instructions. real-time PCr was performed using the thermal Cycler dice real time system (takara Bio inc., otsu, Japan) with sYBr Premix ex Taq II (Takara Bio Inc.). Primer sequences for quantification of Aspa cDNA were 5′-GGCTCCATTACCCT-GCTCTGTTTA-3′ and 5′-CGTGATGCTGAGGAC-CAACTTCTA-3′.
By monitoring the amplification curves of a test sample and reference samples that contained 10 1 to 10 6 molecules of the gene of interest, the number of target molecules in the test sample was analyzed. the number of target molecules was normalized to that of peptidylprolyl isomerase A (Ppia) as an internal control [12] .
Western blotting
Brains were homogenized in an ice-chilled buffer containing 50 mM tris, 5 mM edtA, 120 mM NaCl, and protease inhibitors (Complete Mini edtA-free, roche diagnostics, Basel, switzerland) using a dounce tissue grinder. homogenates were centrifuged at 165,000 × g for 60 min. Precipitations were lysed with a buffer containing 50 mM tris, 5 mM edtA, 120 mM NaCl, and 1% sodium dodecyl sulfate. the lysate was electrophoresed on a 10% Bis-tris gel in 1× MoPs buffer. Blots were incubated with primary antibody in Can Get signal immunoreaction enhancer solution (toyobo, osaka, Japan). the Anti-AsPA antibody was produced in-house by immunizing rabbits using the AsPA peptide (sedLPYeVrrAQeiNhLFG) as an antigen. this peptide corresponded to 19 amino acids, from 83 to 101 (inclusive), of the human AsPA (NP_001121557) and was identical to the corresponding region of the rat AsPA (NP_077375). the anti-AsPA antibody was used at a dilution of 1:5,000, and the anti-actin antibody (A3853; sigma-Aldrich, st. Louis, Mo, usA) was used at 1:5,000. the secondary antibody was an anti-rabbit igG horseradish peroxidase (Ge healthcare, Buckinghamshire, uk) and was used at 1:100,000 in Can Get signal immunoreaction enhancer solution. signals were developed by eCL western blotting detection reagents (Ge healthcare) and detected using an image analyzer LAs-3000 (Fuji Film, tokyo, Japan).
Measurement of N-acetyl-L -aspartate
rats were housed in metabolic cages after physiological saline was orally administered at 2.5 ml/100 g (body weight). urine samples from rats were collected 6 h later. the N-acetyl-L -aspartate (NAA) level in urine was measured using gas chromatography mass spectrometry (GCMS) as previously described [10] . Briefly, 25 µl of urine was mixed with 5 µl of 1 mg/ml 2-isopropylmalic acid (sigma-Aldrich) as an internal standard. the mixture was treated with urease to decompose and remove excess urea. After centrifuging the samples, the collected supernatant was dried under an N 2 gas stream and resolved in N,O-bis (trimethylsilyl) trifluoroacetamide with 10% trimethylchlorosilane (Thermo Scientific, Tokyo, Japan). the GCMs analysis was performed using a GCMs-QP2010 Plus system (shimadzu Corporation, kyoto, Japan) with a dB-5 column (Agilent technologies, santa Clara, CA, usA).
Generation of rats homozygous for both Aspa and Hcn1
mutations the wtC rats carry the Hcn1 missense mutation homozygously [21] . we intercrossed (wtC/kyo × F344-Aspa em34Kyo ) F 1 hybrids to obtain F 2 progeny. After weaning, genotypes of Aspa and Hcn1 loci were determined with the Amp-FTA method [19] . Briefly, blood samples obtained from a tail biopsy were fixed onto an FTA card (Ge healthcare), and punched out disks were used for templates. PCr was conducted with Ampdirect buffer (shimadzu Corporation).
Histology
For histological analysis, brains and thoracic spinal cords were harvested from 12-week-old Aspa-knockout and control F344 rats. Tissue samples were fixed in 10% neutral-buffered formalin and embedded in paraffin. Sections 4-µm thick were cut and stained with hematoxylin and eosin. The thoracic spinal cords were also post-fixed with 1% osmium tetroxide at 4°C overnight, and embedded in epoxy resin. semi-thin (1 µm) sections were cut and stained with toluidine blue.
Evaluation of effects of anti-tremor agents
evaluating the effects of anti-tremor agents was performed as described previously [21] . Briefly, Aspa/Hcn1 double-mutant (8-10 weeks of age, n=9) were administered the β receptor antagonist propranolol (30 mg/kg ip; sigma-Aldrich), the GABA A receptor stimulant phenobarbital (Phenobal, 20 mg/kg ip; daiichi sankyo Co., Ltd., tokyo, Japan), or the muscarinic acetylcholine receptor antagonist trihexyphenidyl (3 mg/kg ip; sigmaAldrich). to evaluate tremor, animals were placed individually in an observation box (25 × 42 × 20 cm).
tremor duration and intensity were estimated in 1-min observation periods immediately before and 15, 30, 45, and 60 min after drug administration. tremor intensity was evaluated using a four-point ranked scale: 0, none; 1, weak (weak tremor in limited regions such as forelimbs and neck); 2, moderate (apparent tremor in extended regions such as upper body trunk including head); 3, marked (intensive tremor in whole body).
Statistical analysis
data are expressed as the mean ± seM. the statistical significance of differences among multiple groups was determined using one-way analysis of variance and tukey's post hoc test (for parametric data) or the kruskal-wallis test followed by the steel-dwass post hoc test (for nonparametric data). Comparisons between two groups only were determined by student's t-test. A P value of less than 0.05 was considered statistically significant.
Results
Generation of Aspa-knockout rats
of 380 tALeN-injected embryos, 306 (80.5%) were transferred to the oviducts of pseudopregnant female rats. of these embryos, 84 (27.5%) successfully reached the end of normal gestation, and 56 rats were weaned. sequence analysis of the tALeN target site of these 56 founder animals revealed that three males and one female (7.1%) carried mutations. Among them, two founder animals (#31 and #34) were used to develop the Aspaknockout lines. the F344-Aspa em31Kyo that was derived from line #31 carried a 14-bp deletion, and the F344-Aspa em34Kyo that was derived from line #34 carried a 16-bp deletion in exon 4 (Fig. 1A) . Both deletions overlapped the tALeN target site and were deduced to generate premature stop codons as a consequence of frame shifting.
the expression levels of the Aspa mrNA in the brains of both lines decreased significantly compared with those in the control F344/Nslc rats (Fig. 1B) . the western blotting results showed no expression of AsPA proteins in the brains of either line (Fig. 1C) . These findings indicated that both lines had null mutations of Aspa. thus, we used the F344-Aspa em34Kyo rats that carried a 16-bp deletion in further experiments.
Characteristics of Aspa-knockout rats
the lack of AsPA leads to the accumulation of its substrate NAA in the brains or urine of humans and mice [17] . to measure concentrations of NAA, we collected urine from Aspa-knockout rats and found a significantly elevated NAA concentration of 655.2 ± 87.9 µM (mean ± seM). By contrast, NAA could not be detected in wildtype F344 rats.
the lack of AsPA also leads to hypomyelination and vacuolation in the central nervous system (CNs). we found that Aspa-knockout rats showed vacuole formation throughout the CNs, sometimes with a spongy appearance. severe lesions were detected in the brainstem, midbrain, and cerebellum ( Figs. 2A and B) . Mild hypomyelination with slightly swollen axons was also observed in the spinal cord (Fig. 2C) . these histopathological features were similar to those found in the trM/ kyo rats. in some previous studies, Aspa-knockout mouse strains showed tremor with vacuole formation [16, 28] . however, the Aspa-knockout rats produced in this study showed no tremor despite the formation of vacuoles.
Involvement of Aspa in development of essential tremor
we obtained 131 F 2 progeny from intercrosses of (wtC/kyo × F344-Aspa em34Kyo ) F 1 hybrids. we genotyped them for the 16-bp deletion in the Aspa genes and the A354V missense mutation in the Hcn1 gene and found that nine rats (male=4 and female=5) were homozygous for both the Aspa deletion and Hcn1 missense mutation. the Aspa/Hcn1 double-mutant rats showed spontaneous tremor after weaning. there was no sex difference in intensity or duration of the tremor. the tremors in these rats appeared during movement inde- pendent of space and time and were especially prominent in the forelimbs, upper trunk, head, and neck (supplementary Video 1). these tremors appeared similar to those found in trM/kyo rats. the rats having other genotypes, including rats homozygous for the Aspa deletion or homozygous for the Hcn1 missense mutation, showed no tremor. to evaluate the pharmacological responses of the Aspa/Hcn1 double-mutant rats to anti-tremor drugs, we used drugs therapeutic for either et (i.e., propranolol and phenobarbital) or Parkinson's disease tremor (i.e., trihexyphenidyl). Propranolol and phenobarbital significantly inhibited tremor duration (F=27.2, df=4, P<0.01 for propranolol; F=16.8, df=4, P<0.01 for phenobarbital) and intensity (χ 2 =24.8, df=4 P<0.01 for propranolol; χ 2 =23.0, df=4 P<0.01 for phenobarbital). By contrast, the antiparkinsonian agent trihexyphenidyl failed to affect tremor (Fig. 3A) .
These findings indicated that the tremors observed in the Aspa/Hcn1 double-mutant rats were equivalent to those in trM/kyo rats and strongly suggested that the lack of the Aspa gene together with the Hcn1 gene mutation was causative for tremor expression (Fig. 3B) .
Discussion
in the present study, we demonstrated that the knocked out Aspa allele induced tremor when it was combined with the Hcn1 loss-of-function missense mutation (Hcn1 A354V ). tremors in the Aspa/Hcn1 double-mutant rats were similar to those in the trM/kyo rats and were selectively suppressed by drugs that treat et but not those that treat parkinsonism. These findings clearly indicated that the lack of the Aspa gene, in addition to the Hcn1 gene mutation, was essential for tremor expression in a rat model of et and suggested the potential for an alteration of the human ASPA gene in et.
to date, genetic studies with et families have identified several loci and genes that are associated with ET [11] . however, mutations in the human ASPA gene (17p13.2) have not been found in et patients, and the locus is not included in the et-associated loci [6, 7, 26] . Given that the ASPA defect could confer a tremor phenotype when it is combined with the HCN1 defect, the digenic inheritance model, or two-locus model, can be applied to et genetics; and, thereby, mutations at the ASPA locus may be identified [24] .
Our findings indicated that the combination of the Aspa and Hcn1 genes was important for the development of tremors, providing insights into tremor genesis in a rat model. Aspa encodes aspartoacylase (eC 3.5.1.15), which hydrolyzes NAA to aspartate and acetate. A defect in the AsPA function causes accumulation of NAA and depletion of acetate in the CNs. it has been proposed that NAA is associated with brain water homeostasis by regulating osmotic balance [2] . NAA and N-acetylaspartylglutamic acid (NAAG), which is synthesized from NAA and glutamate, function as excitatory neurotransmitters by acting on metabotropic glutamate receptors [29] . in addition, acetate is necessary for myelin lipid synthesis. thus, it is likely that disturbance of the osmotic regulation, accumulation of neurotransmitters, and depletion of lipid precursors may occur in the brain of the Aspa-knockout rat. Hcn1 encodes one of the four isoforms of the hCN channel family (hCN1-4), which are permeable to sodium and potassium ions and are activated by membrane hyperpolarization. in the brain, hCN1 channels conduct hyperpolarization-activated current (I h ), which contributes to spontaneous rhythmic activity and stabilization of the neuronal membrane potential against excitatory or inhibitory inputs [13, 20] . hCN1 channels are expressed densely in the inferior olive [20] . the I h in the inferior olive is transmitted to the cerebellar via climbing fibers and is involved in controlling and coordinating movements, possibly including body tremor [13] . when I h are blocked, inferior olive neurons hyperpolarize, and robust (abnormal) rhythmic oscillations are evoked [1] . thus, it is likely that disturbance of the I h and abnormal oscillations may occur in the brain of the Hcn1 A354V -mutant rat. therefore, we speculate that the neuronal excitation due to abundant NAA and NAAG and the abnormal oscillations due to the blockage of the I h mainly in the olivocerebellar pathway confer tremor development in Aspa/Hcn1 double-mutant rats.
the Aspa-knockout rats we produced in the present study showed no tremor until the Hcn1 mutation was introduced. such phenotypic differences in tremor expression in the AsPA defect have also been observed in Aspa-knockout mice. to date, various Aspa-knockout mouse strains have been produced and some show tremor but others do not [18] . thus, it is likely that tremor expression under the AsPA defect may be strongly affected by other genetic factors, rather than by a species difference.
the Aspa-knockout rat has the potential to serve as an animal model of Canavan disease (Cd). Cd is a rare human autosomal recessive genetic disorder resulting from mutations in the ASPA gene. symptoms of Cd becoming apparent in early infancy include loss of motor skills, loss of muscle control, blindness, megalocephaly, and epileptic seizures, with death usually occurring within the first decade of life [5] . The neuropathological changes include hypomyelination, leukodystrophy, and spongy degeneration in the CNs. treatments of Cd have been attempted with gene transfer, enzyme replacement, Fig. 3 . effects of anti-tremor agents on Aspa/Hcn1 double-mutant rats. A, effects of anti-tremor agents on tremor in the Aspa/ Hcn1-double mutant rats. data are presented as the mean ± seM of nine animals. **P<0.01, vs. pre-drug control levels (pre). B, involvement of Aspa and Hcn1 in the expression of essential tremor in rats. Among F2 animals obtained from an intercross between (wtC/kyo × F344-Aspa em34Kyo ) F1 hybrids, rats homozygous for the Hcn1 missense mutation or rats homozygous for the Aspa deletion show no tremor. By contrast, rats homozygous for both mutations show tremors.
lithium citrate, or glyceryl triacetate [3, 25, 27, 30] , but no effective treatment has been established. the Aspaknockout rat shares some phenotypes with Cd, such as spongiform degeneration, abnormal myelination, and elevated urine NAA levels. thus, the Aspa-knockout rat can contribute to the understanding of mechanisms underlying the pathogenesis of Cd and the development of effective prevention and treatment of Cd. in summary, we showed that simultaneous mutation of both Aspa and Hcn1 genes was essential for tremor expression in the trM/kyo rat. the Aspa/Hcn1-double mutant and Aspa-knockout rats can serve as good animal models of human et and Cd, respectively.
